The DAF-7/TGF-b pathway in C. elegans interprets environmental signals relayed through amphid neurons and actively inhibits dauer formation during reproductive developmental growth [1, 2] . In metazoans, the STAT pathway interprets external stimuli through regulated tyrosine phosphorylation, nuclear translocation, and gene expression [3] , but its importance for developmental commitment, particularly in conjuction with TGF-b, remains largely unknown. Here, we report that the nematode STAT ortholog STA-1 accumulated in the nuclei of five head neuron pairs, three of which are amphid neurons involved in dauer formation [1, 4] . Moreover, sta-1 mutants showed a synthetic dauer phenotype with selected TGF-b mutations. sta-1 deficiency was complemented by reconstitution with wildtype protein, but not with a tyrosine mutant. Canonical TGF-b signaling involves the DAF-7/TGF-b ligand activating the DAF-1/DAF-4 receptor pair to regulate the DAF-8/DAF-14 Smads [5] . Interestingly, STA-1 functioned in the absence of DAF-7, DAF-4, and DAF-14, but it required DAF-1 and DAF-8. Additionally, STA-1 expression was induced by TGF-b in a DAF-3-dependent manner, demonstrating a homeostatic negative feedback loop. These results highlight a role for activated STAT proteins in repression of dauer formation. They also raise the possibility of an unexpected function for DAF-1 and DAF-8 that is independent of their normal upstream activator, DAF-7.
Summary
The DAF-7/TGF-b pathway in C. elegans interprets environmental signals relayed through amphid neurons and actively inhibits dauer formation during reproductive developmental growth [1, 2] . In metazoans, the STAT pathway interprets external stimuli through regulated tyrosine phosphorylation, nuclear translocation, and gene expression [3] , but its importance for developmental commitment, particularly in conjuction with TGF-b, remains largely unknown. Here, we report that the nematode STAT ortholog STA-1 accumulated in the nuclei of five head neuron pairs, three of which are amphid neurons involved in dauer formation [1, 4] . Moreover, sta-1 mutants showed a synthetic dauer phenotype with selected TGF-b mutations. sta-1 deficiency was complemented by reconstitution with wildtype protein, but not with a tyrosine mutant. Canonical TGF-b signaling involves the DAF-7/TGF-b ligand activating the DAF-1/DAF-4 receptor pair to regulate the DAF-8/DAF-14 Smads [5] . Interestingly, STA-1 functioned in the absence of DAF-7, DAF-4, and DAF-14, but it required DAF-1 and DAF-8. Additionally, STA-1 expression was induced by TGF-b in a DAF-3-dependent manner, demonstrating a homeostatic negative feedback loop. These results highlight a role for activated STAT proteins in repression of dauer formation. They also raise the possibility of an unexpected function for DAF-1 and DAF-8 that is independent of their normal upstream activator, DAF-7.
Results and Discussion

C. elegans STAT Ortholog
We isolated a C. elegans cDNA clone encoding a protein with significant homologies to known STAT proteins. The full-length cDNA of 2344 bp was encoded by eight exons and a SL1 spliced leader and contained a single open reading frame for an 80 kDa protein that showed 18%-25% identity with known STAT proteins (our unpublished data). Key STAT motifs were conserved, such as an SH2 domain signature, FLLRFS (aa 499-504), and a tyrosine phosphorylation motif, GYIQ (aa 587-590). These homologies and additional biochemical analysis that showed dimerization and sequence-specific DNA binding in response to tyrosine phosphorylation led us to conclude that it is a bona fide STAT member, which we have designated STA-1 (signal transducer and transcriptional activator), corresponding to the genetic locus Y51H4A.17 (http://www.wormbase.org).
STA-1 Accumulates in the Nuclei of a Subset of Amphid Neurons STAT proteins are latent in the cytoplasm and only accumulate in nuclei after phosphotyrosine-dependent activation, allowing them to drive transcription in a signal-dependent manner [3] . Immunohistochemical localization using a STA-1-specific antibody readily detected STA-1 protein in pharynx, head ganglia, tail ganglia ( Figures 1A and 1B) , ventral nerve cord ( Figure 1C ), embryos ( Figure 1E ), and body muscles (data not shown), with a diffuse staining pattern indicative of a largely cytoplasmic localization. This pattern of STA-1 accumulation suggests that it is transcriptionally inactive in the majority of tissues in growing animals. In contrast, detailed analysis of immunostaining patterns in the head ganglia revealed a distinct pattern of nuclear STA-1 accumulation in a few neuronal cells ( Figure 1B) , indicative of activation. Confocal immunostaining analysis of head ganglia identified precise nuclear accumulation of STA-1 in select subsets of neurons ( Figures 1F-1H ).
C. elegans has an essentially invariant anatomy, and cell identities and lineages have been elucidated and cataloged [6] . Therefore, it was possible to determine the identities of cell bodies within the head ganglia that displayed selective STA-1 nuclear staining by comparison to the head ganglion cell map [7] . STA-1 antibodystained Bristol N2 worms were sliced into multiple optical sections, and those from one side were projected into a single image that showed all the nuclei in the right lateral ganglion ( Figure 1F ). Based on their relative positions ( Figures 1F-1H ), cell bodies displaying nuclear accumulation of STA-1 were identified as five pairs of neurons: ADL, ASK, ASJ, ASH, and AIZ, four of which are amphid neurons. This pattern of STA-1 nuclear staining was essentially invariant in all worms examined. Neuronal cells ADL, ASK, ASJ, and ASH extend dendritic processes anteriorly to the tip of the head. Together with dendritic processes from ADF, ASG, ASE, and ASI cells, these bundles form the amphid sensilla, which are located in the lateral labia and have channels that are open to the environment [7] and are involved in chemosensory and thermosensory behaviors [8] . Because nuclear accumulation of STAT proteins is indicative of activation [3] , STA-1 protein nuclear accumulation in these five pairs of neurons under standard laboratory culture conditions suggests involvement in a constitutive neuronal sensory function.
TGF-b Signaling Negatively Regulates STA-1 Activation
One sensory function specific to amphid neurons is dauer formation [1] , a developmental decision inhibited in part by constitutive signaling through the DAF-7/ TGF-b pathway [2] . Nuclear accumulation of STA-1 in *Correspondence: del243@med.nyu.edu neurons involved in TGF-b signaling prompted us to investigate crosstalk between these pathways. We first examined STA-1 protein expression in dauer mutant animals by immunohistochemistry and confocal microscopy. Equal numbers of optical slices from wild-type and mutant worms were acquired under the same imaging settings and were projected into single composites ( Figure 2 ). N2 wild-type worms and Daf-defective daf-6(e1377) mutants showed the same nuclear staining pattern in the limited set of amphid neurons described previously ( Figure 2A and data not shown). In contrast, Daf-constitutive mutant daf-7(e1372) and daf-8(m85) worms displayed much brighter STA-1 staining, as well as nuclear staining in an expanded set of cells ( Figures  2B and 2C) . A similarly enlarged staining pattern was observed in daf-4(m63) worms (data not shown). However, Daf-defective daf-3 worms that lack the dauer-activating SMAD transcription factor DAF-3, as well as daf-7/ daf-3 doubly deficient worms, failed to show expanded STA-1 expression and nuclear accumulation ( Figures 2E  and 2G ). Wild-type and mutant animals were maintained at growth-permissive temperatures to exclude potential differences due to dauer formation itself, and staining with control antibodies verified the specificity of the staining patterns ( Figure S1 ). These results indicate that in wild-type and dauer-defective animals, in which TGF-b signaling is actively repressing dauer formation or dauer formation is defective due to absence of the DAF-3 transcription factor, STA-1 activity is restricted to a defined set of amphid neurons. In the absence of TGF-b signaling, when DAF-3 becomes derepressed, activation of STA-1 is expanded to a larger set of neurons in a DAF-3-dependent manner. Thus, STA-1 neuronal expression is held in check by negative signals through the TGF-b pathway that target the DAF-3 transcription factor.
Mutations in sta-1 Are Synthetic Dauer with TGF-b Mutants
Differential expression of STA-1 in dauer mutant worms suggested a genetic interaction between STAT and TGF-b signaling pathways. To examine a role for STA-1 in dauer formation, we isolated a STA-1 mutant allele (qa5800) by PCR screening approximately 10 6 animals mutagenized by a transposon-mediated procedure involving insertion and subsequent inaccurate deletion [9] . An independent deletion mutant allele was requested through the C. elegans Gene Knockout Consortium at Oklahoma Medical Research Foundation, where ok587 was isolated by combined chemical and UV mutagenesis [10] . Sequence analysis showed that qa5800 lacks 2039 bp, deleting exons 2, 3, 4 and parts of flanking introns 1 and 4, resulting in a STA-1 protein fragment lacking half of the coiled-coil domain and the majority of the DNA binding domain. The second allele, ok587, sustained a 1290 bp deletion encompassing exon 2 and part of exon 3, resulting in a very small peptide fragment due to a premature stop codon early in exon 4. Western blotting confirmed the absence of wild-type STA-1 protein in both mutants (our unpublished data).
The two defective alleles of sta-1, ok587 and qa5800, did not show a dauer phenotype under normal growth conditions (Table 1 ). However, they were more sensitive to elevated temperature-induced dauer formation, a phenotype known as Hid (high temperature-induced dauer formation). Eggs were synchronized to a 2 hr window and scored for dauer worms after approximately 45 hr incubation at 27ºC. As shown in Table 1 , wild-type N2 worms formed dauer with a frequency of approximately 11% at the elevated temperature [11] . In contrast, sta-1 mutants showed a statistically significantly increased dauer formation to over 30% at 27ºC, similar to the enhancement observed with known Hid alleles [12] . Therefore, STA-1 contributes to the repression of dauer formation.
We also examined dauer formation in sta-1;daf double mutants. Previous genetic studies have suggested a canonical model for DAF-7/TGF-b function in dauer formation. DAF-7 activates type I (DAF-1) and type II (DAF-4) TGF-b receptors to regulate the activity of the Smad pair, DAF-8 and DAF-14. DAF-8 and DAF-14 antagonize the function of the DAF-3 Smad and its Ski homolog cofactor, DAF-5, to prevent dauer formation, resulting in reproductive growth. Thus, daf-1, daf-4, daf-7, daf-8, and daf-14 are daf-constitutive (Daf-c) genes, and their mutation results in dauer development that is fully suppressed by mutations in the dauer-defective (Daf-d) genes daf-3 and daf-5 [1] . Consistent with previous studies, daf-4(m63), daf-7(e1372), and daf-8(m85) single mutants were dauer constitutive (Daf-c) in a temperature sensitive manner. Notably, these phenotypes were enhanced in combination with a sta-1 mutation (Table 1) . For instance, while daf-7 worms were 1.23% and 70.37% Daf-c at 15ºC and 25ºC, respectively, daf-7;sta-1 double mutants were over 70% and nearly 100% Daf-c at the two temperatures, respectively, revealing a strong synthetic Syn-Daf phenotype. The synthetic dauer enhancement was DAF-3 dependent since sta-1;daf-7;daf-3 triple mutants did not form dauers even at the nonpermissive temperature of 25ºC, showing that Syn-Daf requires signaling through the classical SMAD pathway [5] . There was also a modest, yet statistically significant increase in dauer formation when sta-1 alleles were combined with the very strong daf-4(m63) daf-c allele (Table 1) . daf-4; (mgDf90) n.a. 0 (750) n.a. sta-1(ok587);daf-7(e1372);daf-3(mgDf90) n.a. 0 (874) n.a. a p < 0.05; n.a., not assayed.
stat-1 double mutants showed approximately 90% dauer at 15ºC, relative to only approximately 83% observed for daf-4 alone (p < 0.05). Similarly, dauer formation in daf-14 mutants was enhanced by mutant sta-1 (p < 0.001). Consistent with a unique role for STA-1 in inhibiting dauer formation only in concert with the TGF-b superfamily, sta-1 showed no genetic interaction with the insulin-like (daf-2) pathway. Surprisingly, however, a Syn-Daf phenotype was not observed when sta-1 alleles were combined with daf-1 or daf-8 (Table 1) . Therefore, STA-1 was capable of repressing dauer formation only in the presence of wildtype DAF-1 and DAF-8 proteins, even though the cooperation between STA-1 and these proteins did not require wild-type DAF-7 or DAF-4. This result is unexpected in that it implies that the ability of these two proteins to repress dauer formation in conjunction with STA-1 can be independent of their canonical upstream TGF-b components DAF-7 and DAF-4 and of the DAF-8 partner Smad, DAF-14.
STA-1 May Function as a Transcriptional Repressor
Our data suggest that STA-1 functions in concert with TGF-b to inhibit the dauer decision. In this pathway, the DAF-3 Smad functions as a transcriptional regulator whose activity is antagonized by the TGF-b-dependent DAF-8/14 Smads [5] . To investigate how STA-1 antagonizes dauer formation, we complemented sta-1;daf-7 double mutant worms with STA-1 expression plasmids by transgenesis. Three distinct transgenic constructs were injected, encoding wild-type STA-1 (WT), a Y588F mutant in which the single putative phosphotyrosine acceptor was converted to phenylalanine (YF), and a C terminally truncated version, lacking the potential transactivation domain (DC). 3-4 separate transgenic lines carrying each transgene were isolated, along with four control transgenic lines (GFP). Expression of the transgenes was assessed by Western blotting ( Figure 3A) .
Each transgenic line was incubated at 15ºC and scored for dauer formation in comparison to controls. Transgenic worms complemented with a wild-type sta-1 allele displayed a significantly reduced rate of dauer formation relative to controls ( Figure 3B ). In contrast, worms carrying the YF allele formed dauer larvae at a rate equivalent to controls expressing only GFP, demonstrating that tyrosine phosphorylation of the STA-1 protein is critical for its function. Interestingly, the DC construct complemented the sta-1 allele similar to wild-type protein, demonstrating that the C-terminal, putative transactivation domain is superfluous for the function of the STA-1 protein in this context. Lack of a requirement for the carboxyl-terminal domain implies that STA-1 does not function as a transcriptional activator in this context, raising the possibility that it is a repressor, possibly analogous to the mammalian STAT3-b protein [13] .
In this context, it is of interest to note that STA-1 also lacks the N-terminal domain conserved among vertebrate STAT proteins. Absence of an N-terminal domain suggests that STA-1 may be most related to the Dictyostelium homologs, which also lack this domain and function largely as repressors, and to the Drosophila N terminally truncated splice variant, also a repressor [14] . A major question remains concerning how STA-1 becomes activated, since it appears to be phosphotyrosine dependent. Similar to Dictyostelium, no Janus kinases have been identified in nematodes, either biochemically or discerned from the full genome sequence [15] , and no cytokine or cytokine receptor-like genes have been characterized. However, many protein tyrosine kinases exist in the C. elegans genome [15] , including tyrosine kinases that function during dauer formation [16] .
Function of STA-1 in Sensory Neurons and Dauer Formation STA-1 activation was only detected in a limited set of sensory neurons, particularly amphid neurons, and its activity in neurons was under negative regulation by the TGF-b signaling pathway. Many components of the TGF-b signaling pathway are widely expressed throughout nematode tissues, even though their role in triggering the dauer decision is confined to head ganglion sensory neurons, leaving this description of STA-1 as one of the few examples where biochemical activity of a dauer regulator is confined to the decision-making neurons. Therefore, STA-1 likely functions in a regulatory but not execution step of the dauer decision.
A model for how the STAT pathway might regulate dauer formation is shown in Figure 4 . Dauer formation has been shown to be actively inhibited by TGF-b signaling in response to environmental cues, such as the pheromone daumone [17] . Our data show that the STAT pathway contributes to this network. The Syn-Daf phenotype of daf-7;sta-1, daf-4;sta-1, and daf-14;sta-1 double mutants shows that STA-1 represses dauer independently of TGF-b (Daf-7), one receptor chain (Daf-4), and a coSmad . Although it could function in an independent parallel pathway, the absence of Syn-Daf when sta-1 mutations were combined with daf-1 or daf-8 shows that STA-1 is only functional in the presence of these proteins, consistent with STA-1 acting at the DAF-8 step, possibly by direct interaction between the STAT and Smad proteins. This finding also reveals an unexpected noncanonical activity of DAF-8 in the absence of its traditional upstream activators, suggesting that it can respond to additional inputs other than DAF-7. The genetic data suggest that such inputs also function through the DAF-1 type I receptor kinase even in the absence of TGF-b, which performs this function independently of its normal coreceptor, DAF-4. DAF-4-independent activity of DAF-1 has been shown previously to be capable of regulating dauer formation [18] . These data raise the possibility of a signaling pathway in which DAF-1 and DAF-8 can cooperate with STA-1 to repress dauer formation even in the absence of their traditional dimeric partners.
Crosstalk between TGF-b and STAT Signaling Pathways
In addition to the cooperative action of TGF-b and STA-1 to inhibit dauer formation, active TGF-b signaling also restricted STA-1 nuclear accumulation to a small subset of posterior ganglion sensory neurons. Additional neurons are permissive for STA-1 activation, but only do so in the absence of TGF-b signals. This seemingly contradictory relationship is indicative of a complex homeostatic interaction of cooperative actions regulated by negative feedback loops. We also detected a complementary feedback loop in which loss of STA-1 resulted in enhanced TGF-b target gene expression (data not shown), suggesting that STA-1 represses TGF-b while TGF-b represses STA-1. The restricted expression of STA-1 was dependent on DAF-8, but not on DAF-3 (Figure 2 ), raising the possibility that STA-1 expression is directly regulated by DAF-3 when it is derepressed in the absence of DAF-8/14 Smads. The sta-1 promoters from both C. elegans and C. briggsae contain putative Smad binding sequences, similar to sequences described for chemosensory genes regulated by TGF-b [19] , which could be responsible for this regulation (our unpublished data). Therefore, it appears that cooperation as well as mutual antagonism combine to maintain homeostatic reproductive growth. It is possible that this mutual antagonism contributes to the partially penetrant phenotypes observed in mutant animals. For instance, sta-1 mutants do not show a daf phenotype at 25ºC, although they display a Hid phenotype at elevated temperature, suggesting that TGF-b signaling alone is sufficient to suppress dauer formation at ambient, but not elevated, temperature. One reason for the sufficiency of TGF-b signaling in the absence of STA-1 expression, however, may be the upregulation of TGF-b target genes normally held in check by STA-1, resulting in more robust TGF-b signaling in the stat-1 mutants. Conversely, many TGF-b pathway mutants are only partially penetrant, resulting in phenotypes that are not manifested under reduced temperature conditions when wild-type STAT-1 is present. It is possible that increased expression of STA-1 substitutes for TGF-b signaling in maintaining reproductive growth. In this model, upregulation of STA-1 after derepression of DAF-3 during dauer signaling may provide a partial break to dauer entry that contributes to more robust recovery during dauer exit.
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